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FOREWORD 

This final report describes the analytical and experimental work 
conducted to develop techniques for photographing Liquid Oxygen/Hydrocarbon 
(LOX/HC) phenomena and to identify and characterize potential anomalies 
(e.g., reactive stream separation [RSS3, carbon formation, fuel freezing) in 
the combustion of LOX/HC propellants operating with a variety of injector 
elements. The activity was performed by Aerojet Liquid Rocket Company on 
Contract WAS 9-15724 under the direction of Mr. M. F. Lausten, NASA/JSC 

Project Manager. Aerojet personnel included Mr. J. W. Salmon, Program 
Manager, Mr. B. R. Lawyer, Project Manager, and Mr. D. C. Judd, Project 
Engineer. The following individuals also contributed to the success of the 
program: 

Gene Hron 

Arnold Keller 
Norm Rowett 

Duane Robertson 
Lee Lang 
Jim Duey 

Anne Johnson
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ABSTRACT 

An experimental and analytical program was conducted to determine if 

previously developed high-speed photography techniques could be utilized to 
increase the analytical understanding of LOX/NC type propellant combustion. 
The program was conducted in two phases. The objective of Phase I was to 
demonstrate the advantages and limitations of using high-speed photography to 
identify potential combustion anomalies (e.g., pops, fuel freezing, reactive 
stream separation [RSS], carbon formation). The objective of Phase II, and 
the primary program end product, was. to develop combustion evaluation 
criteria for evaluating, characterizing, and screening promising low-cost 
propellant combination(s) and injector element(s) for long-life, reusable 
engine systems. 

Carbon formation and RSS mechanisms and trends were identified by 

using high-speed color photography at speeds up to 6000 frames/sec. Single 
element injectors were tested with LOX/RP-1, LOX/Propane, LOX/Methane and 
LOX/Ammonia propellants. Tests were conducted using seven separate injector 
elements. Five different conventionally machined elements were tested: OFO 
Triplet; Rectangular Unlike Doublet (RUD); Unlike Doublet (UD); Like-on-Like 
Doublet (LOL-EDM); and Slit Triplet. The RUD and Slit Triplet had 

rectangular orifices; the others were circular. Two platelet injectors were 
tested: the Transverse Like-on-Like Doublet (TLOL) and the Pre-Atomized 
Triplet (PAT). Platelet injectors are fabricated by diffusion-bonding a 

stack of thin metal sheets which have etched flow passages. All seven 
injectors were fired at main engine conditions. The RUD and LOL-EDM were 
also fired at gas generator mixture ratios. One hundred and twenty-seven 
(127) tests were conducted over a chamber pressure range of 125-1500 psia, a 
fuel temperature range of -245°F to 158°F, and a fuel velocity range of 
48-707 ft/sec. 

Combustion evaluation criteria were developed at the initiation of 
Phase II to guide selection of the fuels, injector elements, and operating 

conditions for testing. Separate criteria were developed for fuel and 
injector element selection and evaluation. 

The fuel selection criteria were divided into two categories: system 
and test. The system criteria are 1) Specific Impulse, 2) Regenerative 
Chamber Cooling Capability, 3) Bulk Density, 4) Cost, 5) Toxicity, and 

6) Corrosiveness. The selected test criteria are 1) Fuel Freezing, 2) Pops, 
3) Carbon Formation, 4) Reactive Stream Separation (RSS), and 5) Super-
critical Pressure Operation.
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ABSTRACT (cont.) 

The injector element selection criteria were 1) Atomization, 2) Mixing 

(i.e., RSS), 3) Injector Face Compatibility, 4) Chamber Wall Compatibility, 
5) Chug Stability, 6) High Frequency Combustion Stability, 7) In.?ctor 
Momentum Balance, 8) Fuel Freezing, and 9) Meaningful Photographic Results. 

After Phase II testing, two additional criteria were added: Carbon 

Formation and Fabrication Complexity. The Phase II testing provided data for 
assessment of two of the fuel evaluation criteria: carbon formation and RSS. 
The gas-side carbon formation criteria proved to be accurate. As the fuel 
hydrogen/carbon ratio decreased (CH4 = 4.0, C3H8 = 2.67, RP-1 = 2.0), 
carbon formation increased. The fuel type also influences the fuel 
vaporization rate, which plays a significant role in carbon formation. As 
the fuel vaporization rate increases in the injector face near-zone, carbon 
formation decreases. Mixing limited combustion (i.e., RSS) proved tobe 
sensitive to all parameters that influence fuel vaporization rate. For any 
operating point, the fuel yielding the more rapid near-zone fuel vaporization 
will, in general, increase the degree of RSS. 

The Phase II testing resulted in definitive data on four of the 

previously described injection element evaluation criteria: Mixing (i.e., 
RSS), Injector Momentum Balance, Fuel Freezing, and Carbon Formation. Two 
factors control mixing: 1) the fuel vaporization rate and 2) the degree of 

injection orifice or spray fan cant towards the unlike propellant. Unlike 
spray fan impingement elements (i.e., TLOL, PAT and EDM-LOL) increase the 
fuel vaporization rate and promote RSS. The testing confirmed the pre-test 

criteria for injector momentum balance. No incidences of fuel freezing 
occurred. Fuel freezing is not an important design criteria for injectors in 
the low-thrust per element design range (approximately 1-50 lbF/element). 

The photographic test results indicated conclusively that injector element 
type and design directly influence carbon formation. Unlike spray fan 
impingement elements reduce carbon formation because they induce a relatively 
rapid near-zone fuel vaporization rate. Coherent jet impingement elements, 
on the other hand, exhibit increased carbon formation.
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I.	 INTRODUCTION AND SUMMARY 

A. INTRODUCTION 

Studies to date indicate that two of the major keys to achieving 
low space transportation costs are minimizing engine developmenL and opera-
tional costs. Therefore, major reductions in future space transportation 
costs will be achieved with highly reusable systems that utilize low-cost 
propellants. Since the selection of the propellants will have a major impact 
on the cost of future space transportation, it is imperative that a compre-

hensive evaluation be conducted prior to the selection of the final propel-
lant combination(s). 

The use of high-speed single element photography has been found to 
be an economical and successful method for evaluating and characterizing 
hypergolic propellants (Ref. 1). The results have been successfully applied 

in the following programs: Space Shuttle Orbital Maneuvering Engine Tech-
nology, Space Shuttle Orbital Maneuvering Engine Development, Air Force hIP 
(Improved Transtage Injector Program), Air Force 5 lbF N204/MMH, Improved 

Aerobee, and the Post Boost Propulsion System for the Air Force MX Program. 
In this study, a number of low-cost propellants (LOX/Hydrocarbon and 
LOX/Ammonia), injectors, and operating conditions were characterized and 

screened with a minimum of funding by using a modification of these photo-
graphic techniques. 

The program had two primary objectives. The first objective, Phase I, 
was to experimentally demonstrate the advantages and limitations of using 
high-speed photography to identify and characterize potential anomalies 

(e.g., pops, fuel freezing, thermal decomposition, and reactive stream sepa-
ration [RSS]) in the combustion of liquid oxygen/hydrocarbon (LOX/HC) type 
propellants operating with a variety of injector elements. The second 
objective, Phase II, was to develop combustion evaluation criteria based on 

the test results for evaluating, characterizing, and screening promising low-
cost LOX/HC type propellants for long-life reusable propulsion systems. The 

seven injectors and four propellant combinations tested in this program pro-
vide much of the needed experimental data necessary to rationally select the 
most promising propellant combination(s) and injector element(s) for future 
engine technology efforts and development programs. 

B. SUMMARY 

The work undertaken in this program resulted in the design and 
testing of seven single element injectors and four fuels with the aim of 

photographically characterizing observed combustion phenomena. The seven 
injectors tested were the OFO Triplet, the Platelet Transverse Like-on-Like 
Doublet (TLOL), the Rectangular Unlike Doublet (RUD), the Unlike Doublet 

(UD), the Like-on-Like Doublet Electrode Discharge Machined (LOL-EDM), the



I, B, Summary (cont.) 

Platelet Pre-Atomized Triplet (PAT), and the EDM Slit Triplet. The OFO trip-
let consists of three inline circular orifices. The outside two orifices 
flow with oxidizer and are canted inboard to impinge the axially lirected 
fuel orifice. Except for the two platelet elements, all of the elements 

utilize coherent jet impingement. These elements mechanically atomize the 
propellant prior to impingement. The fuels tested were RP-1, Propane 

(C3H8), Methane (CR4) and Ammonia (NH3). The hotfirings were con-
ducted in a specifically constructed chamber fitted with quartz windows for 
photographically viewing the impingement spray field. 

Test photographic results showed that the appearance of LOX/HC 
combustion is markedly different from previously observed storable propellant 
combustion (Ref. 1). Figure 1 displays typical photographic results from the 

program. In the top photograph, black clouds are clearly visible downstream 
of the impingement zone. The occurrence of these clouds was assumed to indi-
cate the formation of free carbon during the combustion process. The bottom 
photograph shows striated oxidizer and fuel fans, which indicates relatively 
poor bipropellant mixing. Carbon formation and mixing were the two combus-
tion processes most thoroughly characterized as a result of the photographic 
testing.

The Phase I test program consisted of 44 tests. The following 

main chamber injector/fuel combinations were tested: 1) OFO Triplet/RP-1 
Fuel; 2) RUD/RP-1 Fuel; 3) TLOL/RP-.1 Fuel; 4) TLOL/Propane Fuel; and 5) 
RUD/Propane Fuel. The RUD was also tested with propane at gas generator con-
ditions. The Phase I testing resulted in the establishment of a baseline 
photographic technique for main chamber conditions. The testing indicated 
that carbon formation and RSS (i.e., mixing) trends could be established by 
using highspeed photography. The major limitation to proper assessment of 
gas generator combustion characterization was caused by dense black clouds 
obscuring the combustion flow field during testing. 

The Phase II test program consisted of 83 tests. The fuels, 
injection elements, and operating conditions were selected with the Phase II 

combustion evaluation criteria (described below). The following main chamber 
injector/fuel combinations were tested: 1) UD/Ammonia Fuel; 2) LOL-
EDM/Propane Fuel; 3) PAT/Propane Fuel; and, 4) Slit Triplet/Gaseous Methane 

Fuel. Two gas generator injector/fuel combinations were tested: 1) LOL-
EDM/Propane Fuel and 2) LOL-EDM/Liquid Methane Fuel. The Phase II testing 

yielded important insights leading to preliminary model formulations for car-
bon formation and RSS. 

Carbon formation within the injector spray field was found to be 
directly related to fuel temperature (Tf), fuel type, chamber pressure 

2
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I, B, Summary (cont.) 

(Pc), and injector type. Distinct regions of carbon formation were identi-

fied and correlated with three plots of "Pc-VS-If". Each of the data 
points is a symbol which represents a certain degree of photogra'ic clarity 
assumed to be indicative of carbon formation. The data indicate that the 
carbon formation may be related to a flame-quenching or partial reaction 
mechanism. Development of a physically mechanistic model will require more 
experimental work. Testing with methane at both main engine and fuel-rich 

gas generator mixture ratios showed that methane can burn with very little or 
no carbon deposition. 

For the purposes of this report, RSS is defined as any degradation 
or change in the hotfire spray mixing characteristics as compared to the 
observed cold-flow mixing characteristics. Some degree of RSS was observed 

to occur with all of the fuels except ammonia. One hypothesis for its occur-
rence is vaporization-controlled combustion at the impingement interface. 
Interface combustion is a function of fuel ignition delay time, chamber pres-

sure, fuel temperature, and fuel type. Impingement angle was also observed 
to have an influence on HC RSS. A second hypothesis is that the change in 
mixing characteristics with chamber pressure and temperature is dependent on 

gas dynamic effects correlated by the Weber Number. The Weber Number effect 
at higher chamber pressures may cause faster breakup which changes mixing 
patterns. Further testing is required to clarify the RSS mechanism. 

No fuel "freezing" or popping was experienced under any of the 
test conditions evaluated in this program (orifice diameters from .024 to 

.045 inches). It is possible, however, that the use of large orifices (e.g., 
booster engine applications) could promote fuel freezing because of their 
reduced surface area to volume ratio (i.e., combustion gases would heat 

larger orifice jets more slowly). 

Combustion evaluation criteria were developed at the initiation of 

Phase II to guide selection of the fuels, injector elements, and operating 
conditions for testing. The basic sources of data for development of the 
criteria were recently conducted LOX/HC technology programs, the 
N204/Amine fuels "Blowapart" program (Ref. 1), and the Phase I test 
results. Separate criteria were developed for fuel and injector element 
selection and evaluation. 

The fuel selection criteria were divided into two categories: 
system and test. The system criteria are 1) Specific Impulse, 2) Regenerative 

Chamber Cooling Capability, 3) Bulk Density, 4) Cost, 5) Toxicity, and 6) 
Corrosiveness. The system criteria were used for fuel selection but were not 
evaluated during the test program. The selected test criteria are 1) Fuel 

Freezing, 2) Pops, 3) Carbon Formation, 4) Reactive Stream Separation, and 
5) Supercritical Pressure Operation.

4



I, B, Summary (cont.). 

The injector element selection criteria were: 1) Atomization, 

2) Mixing (i.e., RSS), 3) Injector Face Compatibility, 4) Chamber Wall 
Compatibility, 5) Chug Stability, 6) High Frequency Combustion Stability, 
7) Injector Momentum Balance, 8) Fuel Freezing, and 9) Meaningful 
Photographic Results. 

The fuel and injector element criteria were used to select the 
fuel and injection elements for Phase II testing. For the most part, quali-
tative judgments were used to rate the candidate fuels and elements. Based 
on the criteria, three fuels - propane, methane (gaseous and liquid), and 

ammonia - and six injector element configurations - LOL-EDM, PAT, UD, Slit 
Triplet, RUD Gas Generator, and LOL-EDM Gas Generator - were selected. 

The Phase II testing provided data for assessment of two of the 
fuel evaluation criteria: carbon formation and RSS. The gas-side carbon 
formation criteria proved to be accurate. As the fuel hydrogen/carbon ratio 

decreased (CH4 = 4.0, C3H8 = 2.67, RP-1 = 2.0), carbon formation 
increased. The fuel type also influences the fuel- vaporization rate, which 
plays a significant role in carbon formation. As the fuel vaporization rate 
increases in the injector face near-zone, carbon formation decreases. Mixing 

limited combustion (i.e., RSS) proved to be sensitive to all oarmeters that 
influence fuel vaproization rate. For any operating point, the fuel yielding 
the more rapid near-zone fuel vaporization will, in general, increase the 
degree of RSS. 

The Phase II testing resulted in definitive data on four of the 
previously described injection element evaluation criteria: Mixing (i.e., 

RSS), Injector Momentum Balance, Fuel Freezing, and Meaningful Photographic 
Results. Additionally, as a result of the testing and a reanalysis of the 
important considerations pertaining to injector selection, two additional 
criteria were added: Carbon Formation and Fabrication Complexity. Two fac-

tors control mixing: 1) the fuel vaporization rate and 2) the degree of 
injection orifice or spray fan cant towards the unlike propellant. Unlike 
spray fan impingement elements (i.e., TLOL, PAT and EDM-LOL) increase the 

fuel vaporization rate and promote RSS. The testing confirmed the pre-test 
criteria for injector momentum balance. No incidences of fuel freezing 
occurred. Fuel freezing is not an important design criteria for injectors in 

the low-thrust per element design range (approximately 1-50 lbF/element). 
The photographic test results indicated conclusively that injector element 
type and design directly influence carbon formation. Unlkike spray fan 
impingement elements reduce carbon formation because they induce a relatively 
rapid near-zone fuel vaporization rate. Coherent jet impingement elements, 
on the other hand, exhibit increased carbon formation.



I, B, Summary (cont.) 

Testing to date has increased knowledge of LOX/HC combustion 
phenomena and has provided much of the necessary data. However, the 
suggested fuel and injection element selection criteria are stir qualita-
tive. Carbon formation and RSS trends and influences are understood. 

However, mechanistic analytical modeling must still be conducted in order to 
obtain quantitatively accurate evaluation criteria as well.



II.	 TECHNICAL APPROACH 

The objective of this program was to identify and characterize poten-
tial LOX/HC combustion anomalies with various low-cost fuels and injectors to 

rationally select the most promising combinations for future engine techno-
logy and development efforts. This objective was accomplished 	 rough high-
speed photography and analysis of seven single element injectors and four 
low-cost propellants (see Table I). The injectors, fuels, and test condi-
tions are representative of advanced OMS and RCS engine applications at both 
main engine and fuel-rich gas generator conditions. 

The program was originally funded for a two-phase program spread over 
twelve months. This was subsequently changed to a fifteen-month program to 
allow added-scope testing of additional fuels and injectors. Figure 2 shows 
the program schedule and the detailed breakdown of Phase I and Phase II 
events. 

The Task I objectives were to conduct all the design, fabrication, 
testing, and analysis necessary to demonstrate the advantages and limitations 
of using high-speed photography to identify and characterize potential 
anomalies (e.g., pops, fuel freezing, stream separation, carbon formation, 
etc.) in the combustion of LOX/HC type propellants while operating with vari-

ous injector elements. The work included the following: preparation of a 
detailed test plan (Ref. 2 and 3); design of an unlike jet impinging injector 
(Rectangular Unlike Doublet-RtJD); design of an unlike spray impinging injec-

tor (Transverse Like-on-Like-TLOL); experimental testing and photographic 
coverage of the RUD and TLOL with RP-1 and propane at main engine conditions; 
experimental testing and photographic coverage of an existing OFO Triplet 

injector with RP-1 at main engine conditions, and experimental testing and 
photographic coverage of the RUD with propane at fuel-rich gas generator con-
ditions. 

The Task II objectives were 1) to develop combustion evaluation cri-
teria based on pre-test analysis and Phase I hotfire testing and 2) to eval-
uate, characterize, and screen several LOX/HC propellants with different 

injector elements on the basis of the evaluation criteria. The emphasis was 
directed towards providing data to aid in the rational selection of the most 

promising propellant combinations(s) and injector element(s) for future 
engine technology and development efforts. Task II work included the 
following: 1) preparation of a "Propellant, Injector, and Test Conditions 

Recommendation" for Phase II testing (Ref. 4), which included the combustion 
evaluation criteria that had served as a screening guide for fuel and injec-
tor selection) and 2) design and testing of the following injector and fuel 
combinations: 

a) Unlike Doublet - LOX/NH3 as a main engine element. 

b) LOL-EDM - LOX/C3H8 as a main engine and gas generator element. 
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II, Technical Approach (cont.) 

c) LOL-EDM - LOx/cH4 as a gas generator element. 

d) PAT - LOx/c3H8 as a main engine element. 

e) Slit Triplet-LOX/gCH4 as a main engine element. 

Task II also included 1) an evaluation and comparison of the test 
results as per the combustion evaluation criteria, along with pertinent data 
correlations aiding in the characterization of LOX/HC combustion anomalies 
(included herein) and 2) a discussion of the unexpected program 

results/benefits, combined with recommendations for further efforts (included 
herein).
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III. RESULTS AND CONCLUSIONS 

A.	 RESULTS 

Distinct regions of carbon formation within the injector sprays 
were observed and identified for the following fuel/injector com:nations 
using high speed color photography: 

Fuel	 Injector 

RP-1	 ILOL, RUD, OFO Triplet 

C3H8	 RUD, LOL-EDM (Short Impingement Height) 

C3H8	 TLOL, PAT (Long Impingement Height) 

Carbon formation was found to be directly related to fuel 

temperature, fuel type, chamber pressure, and injector type. Each test was 
rated according to the degree of carbon formation observed. Figure 3 
illustrates how ratings of "CLEAR," "PARTIALLY OBSCURED," and "OBSCURED" 
would appear with a single unlike doublet element. The chamber pressure 
exerts the strongest influence on carbon formation. Increasing chamber 
pressure reduces carbon formation. Carbon formation is dependent on the fuel 

types. Carbon formation increases with decreasing molecular hydrogen/carbon 
ratio. Injector type influences carbon formation. Increasing the fuel free 
stream length and interfacial surface area available for heating reduces 
carbon. Figure 4 shows plots that correlate carbon formation, chamber 
pressure, fuel temperature, fuel type and injector type. This data can be 
more easily studied in Figures 48, 49 and 50. 

RSS was observed in the combustion of LOX/NC type propellants and 
found to be primarily influenced by chamber pressure, fuel temperature, and 
injector type. RSS was far more apparent for unlike spray impingement 
elements (TLOL, PAT, EDM-LOL). RSS was characterized by reduced mixing in 
the spray field, as shown in Figure 5. 

Although RSS trends are observable, more testing at lower pres-
sures, different impingement angles, and varied fuel temperatures is neces-
sary to formulate correlations. 

Other significant results and observations are as follows: 

I.	 Fuel freezing and popping was not observed with the injector 
elements and operating conditions tested to date. However, 
there is evidence of fuel cooling.



CLEAR 

1 -. 
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OBSCURED

3X 
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f I
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OBSCURED

Figure 3.	 Modes of Carbon Formation 
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III, A, Results (cont.) 

2. Atomization, vaporization and combustion at supercritical 
pressure is not noticeably different from combustion at 
subcritical pressure, except for the continuous 'nfluence of 
chamber pressure on the fuel vaporization rate. 

3. Fuel-rich methane gas generator single element combustion was 
observed to burn cleanly without carbon formation. 

4. C* efficiency was observed to increase with increasing 
chamber pressure and flowrate for all fuels and injectors. 

5. Heating the fuel appears to affect liquid phase mixing 
slightly, as evidenced by a slight decrease in C (i.e., 
increased RSS). 

6. Effective high-speed color photography techniques have been 
developed for observing single element LOX/HC combustion. 

One of the main objectives of Task II was to develop combustion 

evaluation criteria, based on analysis and testing, and use it to evaluate, 
characterize, and screen several LOX/HC propellants in different injector 
elements (Ref. 4). Fuel and injection element evaluation criteria were 

defined (see Section V.E). The criteria were applied qualitatively to select 
fuels and injection elements for Phase II testing. The Phase II test results 
indicate that carbon formation and RSS trends are understood, but that 

mechanistic analytical modeling must be conducted to obtain valuable 
quantitative evaluation criteria. 

B.	 CONCLUSIONS 

The following conclusions are drawn from this work. 

1. Single element photography has been successfully used to 
characterize LOX/HC combustion. 

2. Qualitative trends are understood for control of carbon 
formation. Chamber pressure, fuel type, fuel temperature, 
and injector design influences have been observed. Carbon 
formation increased for the fuels tested in the following 
order: ammonia, methane, propane, RP-1. 

3. Methane shows significant promise as a non-carbon generating 
H/C fuel for gas generators and preburners. 
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III, B, Conclusions (cont.) 

4. Ammonia displayed relatively benign combustion that resulted 
in well-mixed bipropellant spray fans over a wide operating 
range. 

5. Qualitative trends are understood for control of LOX/HC com-
bustion mixing. Chamber pressure, fuel type, fuel 
temperature and injector design influences have been 
observed. 

6. Preliminary modeling approaches for carbon formation and RSS 
have been suggested, but physically mechanistic models are 
not yet developed. 

7. The program carbon deposition data could be used to develop 
models for gas-side carbon deposition for high-pressure 
LOX/HC thrust chambers. 

8. The program RSS data could be used to develop models for 
injector element mass and mixture ratio distribution control 
for all advanced engines. 
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IV.	 APPLICATION OF RESULTS AND RECOMMENDATIONS 

A.	 APPLICATION OF RESULTS 

The primary result of this program is a fundamental understanding 
of the RSS and carbon formation combustion phenomena associated th LOX/HC 
combustion. This understanding will be applied to aid the design, testing, 

and analysis of multi-element LOX/HC injectors and to guide the development 
of mechanistic analytical models. 

B.	 RECOMMENDATIONS 

The following recommendations are made on the basis of the program 
results:

I.	 Continued single element cold-flow and hotfire photographic 

testing is recommended. 

a. Testing of heated propane and RP-1 at gas generator 
operating conditions is necessary to characterize carbon 
formation dependence on fuel temperature. 

b. The carbon formation trends should be used as a guide to 
update the fuel-rich combustion model developed on 
Contract NAS 3-21753. 

C.	 High-pressure cold-flow testing should be performed to 
allow differentiation between gas dynamic (Weber No.) 
and combustion (RSS) effects. 

d.	 Further testing at low pressures (100-300 psia) is 

necessary to determine the influence of fuel type and 

injector element design parameters on the occurrence of 
RS S. 

2. The results of the Task I cooling analysis of the Combustion 
Performance and Heat Transfer Characterization of LOX/HC Type Propellants 

Program (NAS 9-15958) should be reviewed to ensure that all potential thrust 
chamber assembly operating points have been characterized at single element 
conditions.

3. Scaling studies should be conducted to determine the applica-
bility of the current data base to high-pressure LOX/HC liquid rocket booster 
designs.

17



V.	 TECHNICAL DISCUSSION 

A.	 EXPERIMENTAL HARDWARE AND TEST SETUP 

I.	 Test Apparatus 

The test apparatus consists of a test chamber equipped with 

transparent viewingports a G02/GH2 igniter, removable injectors, and 
nozzles (see Figure 6). the test chamber was designed during the Task III 
"Blowapart" program (Ref. 1) and was modified slightly for use on this pro-
gram.

a.	 Test Chamber 

The test chamber was machined from a 4-inch square x 

6-inch long block of 304 CRES. The combustion chamber section is 4 inches 
(10.16 cm) long, to which a 2-inch (5.08 cm) L* spacer is bolted to increase 
the combustion zone length to 6 inches (15.2 cm). The block was bored to 
provide a 2.75 inch (6.99 cm) diameter combustion chamber. Four circular 

quartz windows were provided to facilitate photographic viewing and to allow 
flexibility in photographic lighting of the combustion process. The windows 
are 112 inch (1.27 cm) thick to provide a safety margin for 1000 psia (6.89 
105 N/rn2 ) operation. The flat quartz windows are sandwiched between 
durabula gaskets for cushioning against ignition shocks and uneven loading. 
A silicon	 ring provides sealing on the window periphery. Quartz windows 
are used to provide good propellant compatibility and well-defined optical 
properties. Thin quartz disc inserts are also employed to protect the 112" 
pressure bearing windows from high heat flux and window damage. 

The chamber was designed to provide an inert gas (GN2) 
film purge to prevent obscuring the view of propellant spray impingement on 

the windows. The gas purge flow is injected through four inlets into an 
annular manifold. The gas is directed from the manifold through an annular 
gap and made to flow around the periphery of the chamber wall. The wall 
passages were sized such that the GN2 is injected into the chamber at 50 
ft/sec (15.2 m/sec) at 300 psia (2.07 x 106 N/m2) chamber pressure to 
minimize mixing with the propellant spray and combustion gas. Storable pro-

pellant "Blowapart" testing (Ref. 1) showed that the cold GN2 purge gas 
caused poor spray field visibility due to the density gradient created 
between it and the hot combustion gas. Therefore, all subsequent storable 
propellant tests were run without purging during hotfire testing. However, 
it was necessary to reactivate the purge circuit for LOX/HC testing. In 
place of GN2 , a helium purge is used to protect the windows from the LOX 
spray during the start transient and from carbon deposits during shutdown. 
It automatically shuts off during steady-state operation. 

Provisions were made for mounting both high and low 
frequency response pressure transducers and thermocouples. The nozzles con-
sist of removable copper inserts drilled to provide the desired operating 

pressures. The nozzle configuration and exiting sizes are shown in Figure 7. 
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V, A, Experimental Hardware and Test Setup (cont.) 

b.	 Igniter 

The igniter shown in Figure 8 operates on y seous hydro-
gen and gaseous oxygen which are ignited by a spark plug. This assembly is 

an existing igniter that has been used on many high-pressure programs. The 
igniter is mounted in a port drilled into the L* spacer section by means of 
an adapter (see Figure 9). The igniter operates at a mixture ratio of 2.0 
and a chamber pressure of 250 psia during hotfire testing. 

C.	 Injectors 

Seven different injectors (two platelet and five EDM) 
were tested during the program. All but the OFO Triplet and the Unlike 
Doublet injectors were designed and fabricated on this program. These two 
injectors were residual hardware from Contract NAS 9-14186. 

All of the injectors were made in a cylindrical "piston" 
shape to fit into the chamber purge ring located at the forward end of the 
chamber. The injector is held in the purge ring by alien head screws. A 

silicon rubber 0-ring seals the injector to the purge ring. All of the 
injectors were cold-flowed prior to hotfire testing to measure Kw's and to 
verify impingement accuracy. The flow data are discussed in Section V.C.1. 

(1) OFO 

The OFO Triplet shown in Figure 10 is residual 

hardware from Contract NAS 9-14186. The OFO arrangement was selected to 
maximize the oxidizer-to-fuel interface, thereby maximizing the potential for 
fuel freezing. The fuel is injected axially, and the oxidizer is fed from 
the inlet tube to a torus which feeds two orifices 180° apart. The impinge-

ment half angle is 30°. The .030 inch diameter orifices are EDM'ed in the 
torus cover which is ED-welded to the body. 

(2) ILOL 

The Transverse Like-on-Like Element (TLOL), Figure 
11, is a photo-etched platelet injector which is a version of the baseline 
injector element used on the Space Shuttle OMS engine. The OMS-E uses the 
N204/MMH storable propellant combination. The TLOL was selected for the 
following reasons:

(a) Like impingement and self-atomizing injectors 
were predicted to inhibit fuel freezing. 

(b) Based on previous photographic studies with 
storable propellants (Ref. 1), self-atomizing injectors promote RSS. 
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V, A, Experimental Hardware and Test Setup (cont.) 

(c) Like impinging doublets can be operated over a 
wide range of mixture ratios with little effect on resultant spray angle. 

(d) This element has well-characterizeu predic-
table combustion stability and performance characteristics with storable 
propellants.

The TLOL consists of a body, inlet lines, a mani-
fold platelet stack, and an element platelet stack. The manifold stack 
provides propellant routing and thermal isolation. The element stack con-
tains the transverse inertance channel to the injection orifice. The plate-
let stacks are diffusion-bonded and then brazed to the body. 

(3) RUD 

The Rectangular Unlike Doublet (RUD) element 
(Figure 12) is an EDM'ed injector fed directly from inlet tubes. The 
injector face is machined so that the propellants are injected in streams 
normal to the face. A rectangular orifice configuration was selected to 
avoid the large orifice diameter mismatch associated with LOX/HC circular 
orifices. The circular orifice diameter mismatch produces a "banana-shaped" 
spray distribution which is difficult to interpret photographically. The RUD 
is complementary to the TLOL for the following reasons: 

(a) Unlike impingement of coherent jets was pre-
dicted to encourage freezing with LOX/RP-1 propellants. 

(b) Based on the results of previous work with 
storable propellants, coherent jets have less interfacial surface area and 
are not as active in promoting RSS. 

(c) Resultant spray angle and mixture ratio dis-
tributions are sensitive to mixture ratio. 

The RUD injector was designed for the same oper-
ating conditions and propellants as the TLOL. The injection angles of 500 
for the fuel and 20° for the LOX were selected so that the resultant spray 
fan would parallel the centerline of the chamber at nominal mixture ratio. 
Aspect ratios were chosen to keep orifice area and surface tension to a mini-
mum, thus helping to avoid the change in free stream cross section from rec-
tangular to circular. The L:D ratio for both orifices is greater than 6 in 
order to ensure fully attached flow (Ref. 5). 

The inlet lines are fitted with "two-pass" coolant 
jackets to allow for switching propellant circuits. This switching flexibil-
ity allows the RUD to be used as a fuel-rich gas generator element. 
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V, A, Experimental Hardware and Test Setup (cont.) 

(4) UD 

The Unlike Doublet (UD) element (Figw 13) is 
residual hardware from Contract NAS 9-14186 and was adapted for LOX/NH3 
testing by enlarging both the fuel and oxidizer orifices to .045" diameter. 
This diameter sizing resulted in an optimum mixing condition for LOX/NH3. 
This element provided the opportunity to quickly and economically explore 

LOX/NH3 combustion phenomena. This element was easily photographed because 
of the simple unlike impingement and because of the lack of carbon related 
problems.

(5) LOL-EDM 

The EDM Like-on-Like (LOL-EDM) element (Figure 14) was 
selected partly because of its historically successful use with LOX/HC pro-
pellants and partly to gain a comparison with data from the TLOL. The LOL-
EDM had a fuel fan angle of 22° and an oxidizer fan angle of 100. An 
included angle of 32° was recommended for optimum performance and compati-
bility in the ITIP Phase Zero Final Report (Ref. 6). The LOL-EDM was 

designed with piston seals around the inlet manifolds so that it could be 
used with a reusable injector body. Figure 15 shows the reusable body with 
its piston seal mating surfaces and two-pass temperature conditioning jackets 
on both inlet lines.

(6) PAT 

The Pre-Atomized Triplet (PAT) element (Figure 16) con-

sists of two fuel splash plate elements which impinge on one centrally 
located oxidizer x-doublet (XDT) element. Both of these platelet element 

concepts are well characterized hydraulically. The PAT element was designed 
for a high-pressure LOX/RP-1 injector or Contract NAS 3-21030. Three of its 

advantages are that (1) the platelet atomization process is relatively insen-
sitive to orifice alignment, (2) the atomization process is insensitive to 
propellant injection momentum, and (3) a plugged orifice does not influence 
the atomization characteristics of the other orifices. A reason for 
selecting the PAT for this program was that pre-atomization of the propel-
lants prior to impingement would promote propellant heating and prevent 
possible fuel freezing associated with coherent stream impingement. PAT 
testing also provided theopportunity to compare combustion data from an FOF 
triplet with data from the OFO triplet and pre-atomized elements with coher-
ent jet elements.

The PAT was scaled from the Contract NAS 3-21030 PAT by 
scaling certain metering orifices and transverse leg lengths. This scaling 
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V, A, Experimental Hardware and Test Setbl %/t&vs+ 

did not include the top platelets which had a thickness of OsGGK< t& ?tvg 
injectors. This caused the single element PAT to have nearly twice the ver-
tical L/D of the previous PAT design after impinging against the splashplate 
and resulted in a much shallower impingement angle for it. (300 included 
angle for the single element PAT versus 60° included angle for the previous 
PAT.)

(7) Slit Triplet 

The Slit Triplet element (Figure 17) was designed 
to be used with LOX and gaseous methane. This design features a centrally 

located rectangular LOX orifice (high aspect ratio) which is impinged upon by 
gaseous methane exiting from two outside rectangular orifices. The intent 
was to create an element that would verify whether or not RSS would be 

observed with impinging gas and liquid streams and that would yield good 
photographic results. 

2..	 Hotfire Test Facility Setup 

The test apparatus was set up in Test Bay 3 of the ALRC 
Research Physics Lab (see Figure 18). A schematic of the propellant system 

used is shown in Figure 19. Propellant was stored in one-gallon, 3000 psi 
run vessels. Gaseous pressurization of these systems was used to provide 
controlled run conditions over a wide range of chamber pressures. Gaseous 
helium was used to pressurize the LOX and gaseous nitrogen was used for the 
liquid RP-1, C3- 8, CH 4 and NH3 fuels. The gaseous CH4 fuel tests 
were run from pre-loaded pressure bottles. 

LOX temperature conditioning was provided by means of the 
following: (1) LH2 temperature conditioning jackets surrounding both 
propellant inlet lines; (2) addition of a LOX bypass circuit to increase LOX 

mass flow and keep LOX temperatures near -275°F (the bypass was active during 
the entire test period); and (3) LN2 temperature conditioning jackets sur- 
rounding both thrust chamber valves. Total temperature conditioning capa-
bility was from -300°F to 200°F. 

Four separate purges were employed during testing: (1) a 
helium trickle purge was connected to the oxidizer circuit to prevent con-
tamination or propellant migration; (2) a nitrogen-purge was connected to the 
fuel circuit for the same reason; (3) a separately regulated gaseous helium 
purge was used to provide chamber back pressure as well as window purge for 
the chamber viewports during the start and shutdown transients; (4) a 
separately regulated 0N2 supply was used to purge the test chamber after 
shutdown.
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V, A, Experimental Hardware and Test Setup (cont.) 

3. Cold-Flow Test Setup 

Two types of cold-flow tests were run in the ALRC Research 
Physics Laboratory. 

The main purpose of the first cold-flow tests was to deter-

mine the injector Kw's and to verify impingement accuracy. In these tests, 
filtered de-ionized water was used as the test fluid. Pressure measurements 
were made with Heise pressure gages, and flowrate was measured by using a 
time/volume technique, with run times from 60 to 200 seconds. 

The second series of tests used high-speed photography to 
gain a baseline against which hotfire mixing and combustion phenomena could 

be compared. In these tests, the injectors were flowed with Freon and blue 
water.

Kw plots and photographs of the cold-flow tests can be found 
in Section V.C.1 of this report. 

4. Hotfire Instrumentation 

The high frequency and low frequency instrumentation listed 
in Tables II and III were used in the locations shown in the schematic of 
Figure 20. The high frequency transducers were used to respond to any abnor-
mal combustion occurrences (e.g., pops). The low frequency transducers 
recorded steady-state manifold and chamber pressures. Low frequency response 

test parameters were recorded on a Consolidated Electrodynamics Corporation 
direct writing oscillograph. High frequency response data were recorded on a 
Sangamo Model 3564 analog tape recorder. 

Propellant flowrates were measured by flowmeter as well as 
calculated by using injector cold-flow Kw's and the measured injection pres- 
sure drops. The pressure drops were determined from the oxidizer manifold 
(POJ), fuel manifold (PFJ), and chamber pressure (Pc) transducers. Trans-
ducer bias and zero offsets were accounted for by pretest calibration. 

TABLE II 

HIGH FREQUENCY RESPONSE INSTRUMENTATION 

Test	 Instrument 
Parameter	 Symbol Make	 Model 

Oxidizer Manifold POJHF	 Kistler	 601

Pressure 

Fuel Manifold	 PFJHF	 Kistler	 601

Pressure 

Chamber Pressure 	 PCHF	 Kistler	 601

Range	 Accuracy 

0-3000 psi (P-P) + 0.5% 

0-3000 psi (P-P) + 0.5% 

0-3000 psi (P-P) -'- 0.5% 
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TABLE III


LOW FREQUENCY RESPONSE INSTRUMENTATION 

Recorder 
Test Parameter Symbol Range Units uOhI Graph	 Tape Digital 

Ox Tank Pressure POT 0-2000 PSIA X 

Fuel Tank Pressure PFT 0-2000 PSIA X 

Ox Injector Pressure POJ 0-2000 PSIA X X 

Fuel	 Injector Pressure PFJ 0-2000 PSIA X X 

Chamber Pressure PC 0-1500 PSIA X X 

Igniter Chamber Pressure PCI 0-1500 PSIA X X 

Ox Flowrate WO 0-0.2 LB/SEC X X 

Fuel	 Flowrate WF 0-0.2 LB/SEC X X 

Ox Flowmeter Temp TOFM -300-100 O F X X 

Fuel Flowmeter Temp TFFM 0-500 OF X X 

Ox Injector Temp TOJ -300-100 O F X 

Fuel Injector Temp TFJ 0-500 OF X 

Ox Valve Voltage VOV X 

Fuel Valve Voltage VFV X 

Camera Voltage VCAM X 

Injector Purge Valve VIPV X 
Voltage 

Igniter Ox Valve Voltage VOVI X 

Igniter Fuel	 Valve VFVI X 
Voltage
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V, A, Experimental Hardware and Test Setup (cont.) 

The test operating point data were digitized and processed in 
an on-line HP 2100A computer. The Physics Lab data reduction program for the 
N204/Amine test program was modified for use with LOX/HC type propellants 
(Ref. 7). Curve fits for various LOX/HC properties, such as viscosity, sur-
face tension, density, etc., were incorporated over the range of anticipated 
temperatures and pressures (see Appendix I). 

B.	 PHOTOGRAPHIC EQUIPMENT AND TECHNIQUES 

The intent of photographic characterization of injector element 
combustion phenomena is to provide an understanding of the physico-chemical 
processes that are operative at engine operating conditions. This neces-
sitates the ability to "look" through the flame to observe the liquid pro-
pellant streams and resultant sprays in order to determine relative spray 
mass and mixture ratio distributions by observing the liquid propellant 
colors.

It was found that there are two major problems associated with 
photographing LOX/HC combustion flow fields. The first was that the com-

bustion flame light emission was so intense that it masked the reflected 
light necessary to see the propellant streams (see Figure 21). The best 
technique found for overcoming the intense combustion light was to reduce the 
film exposure time to where the film, in effect, didn't "see" the flame light 
and then to provide high intensity external lighting for viewing of the pro-
pellant streams. It was found that use of back lighting alone will not pro-
vide the lighting balance required to properly interpret the film, since the 
external lighting must be provided from the back, top, bottom, and front to 
obtain a balance between reflected and absorbed light. 

The second problem concerned obtaining useful photographic data 
when the chamber was filled with dark, swirling clouds or when the windows 
became coated with carbon. This problem was alleviated in a limited sense by 
providing oxidizer-rich transients as well as window purges to protect win-
dows from carbon deposits. Notwithstanding all of the efforts to get good 
movies, the field of view was almost always obscured at pressures below 300 
psia with RP-1 and C3H8. Reasons for the carbon formation are discussed 
in Sections V.C.2 and V.D.1 of this report. 

The photographic combustion characterization was accomplished by 
using the equipment shown in Figure 22. The photographic equipment is 
centered around a Hycam model 41-0004 rotating prism high-speed movie camera. 
This unique camera has the capability of varying the frame exposure time 
independent of the film frame rate through a replaceable rotating shutter. 
The shutter is mounted to the prism shaft and rotates at the same speed as 
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1000 WATT 
QUARTZ-IODIDE 
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WINDOWED 
TEST CHAMBER 

Figure 22. Photographic Equipment Setup 
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V, B, Photographic Equipment and Techniques (cont.) 

the prism. The light exposure at a given frame rate is controlled by 
changing the shutter ratio of open time to close time. This is done with 
interchangeable shutters. The available shutter ratios are: 

1/2.5, 1/10, 1120, 1/50, and 1/100. 

The light exposure time is determined by the product of the shutter ratio and 
the reciprocal of the frame rate: 

Exposure time = Shutter ratio x 1/pps (pictures per second). 
Thus it is possible to obtain exposures of a few microseconds at relatively 
low frame rates. 

The method of photographic characterization initially used was the 

one found to be successful in the N204/MMH "Blowapart" program. Color 
high-speed photographs of the spray field were taken at a rate of 800 pic-

tures per second and an exposure time of 25i-' sec. Ektachrome EF No. 7242 
film (400 ft rolls) was used. The spray volume was illuminated with one 
1000-watt quartz iodine lamp for back lighting and four 750 watt lamps for 
side, top, and bottom lighting. 

Subsequent testing showed that this method was incapable of 
"masking" the bright LOX/HC combustion light and "seeing" into the atomi-
zation and mixing process. It was soon discovered that one successful light 
setting would not be possible for each of the test conditions, as had been 

the case-during the storable propellant "Blowapart" program. Instead, the 
f-stop, camera speed, and external lighting intensity would have to be varied 
in correspondence to the chamber pressure, fuel type, and mixture ratio. As 
a result, a new flashbulb lighting technique was employed which proved much 

more effective in taking clear, discernible photographs. Each of the incan-
descent photo-floods was replaced with a large flashbulb (5 megalumen on the 

two front lights and 2 megalumen for the top, bottom, and backlights). The 
flashbulbs were triggered during steady-state combustion just before shutdown 
and provided 25 ms of extremely bright light at a film speed of 3200 fps and 

an f-stop of 16. This technique proved to be much more effective than the 
previous lighting arrangement with RP-1 and C31-18 in masking combustion 

light and seeing into the mixing process. Tests using CH4 and NH3 as 
fuels gave off far less combustion light and were easily photographed using 
only photoflood lighting at 800 pps and an f-stop bf 4. 

C.	 TEST RESULTS 

A total of 127 hotfire tests were conducted with the injector 

elements and propellants listed in Table I. Cold-flow tests were also 
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V, C, Test Results (cont.) 

conducted to determine the injector element hydraulic resistances and to 
characterize non-reactive impingement phenomena. 

1.	 Cold-Flow Test Results 

a. Hydraulic Characteristics 

Each of the injectors were cold-flow tested to determine 
their hydraulic resistance and to verify impingement accuracy. Filtered, 
de-ionized water was used as the test fluid on these tests. Pressure 
measurements were made with Heiss pressure gages, and flowrate was calculated 
by using a time/volume technique, with run times ranging from 60 to 200 
seconds.

The hydraulic resistances for each of the elements were 
determined from plots of flowrate versus pressure drop, as shown in Figures 
23 through 29. The resistance values are summarized in Table IV. 

b. Non-Reactive Impingement Phenomena 

In the second series of cold-flow tests, the injectors 
were flowed with Freon and blue water (to represent the oxidizer and fuel, 
respectively). These tests were photographed with the high-speed camera to 
gain a baseline against which hotfire mixing and combustion phenomena could 
be compared. The results of this testing were as follows: 

OFO 

This particular injector had a very slight misimpinge-
ment and was very sensitive to changes in momentum 
ratio. Figure 30 shows the OFO at a momentum ratio of 
0.96 where the spray uniformity reaches a maximum. 
Other cold-flows at momentum ratios of 1.45 and 0.45 
show that the fuel tends to core down the center while 

the oxidizer either penetrates without mixing or is 
reflected away unmixed. The fuel orifice flowed 
detached (due to cavitation) at pressure drops above 60 
psi. This detachment phenomenon did not occur during 
hotfire because of the increased back pressure. 

RUD 

The RUD appeared fairly well mixed at a momentum ratio 
of 0.97 (Figure 31). Momentum ratios above and below 
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TABLE IV 

INJECTOR ELEMENT COLD-FLOW DATA SUMMARY

Fuel Orifice Oxidi:r Orifice 

(ibm - in. (ibm - in 

Injector D(in.) Kw11bFL'2 - sec) CD D(in.) Kw4jbF1"2 - sec 

OFO Triplet 0.0287 0.002509 0.735 0.030 0.0055 
RUD 0.0264 0.002886 0.7535 0.03911 0.006354 

TLOL 0.024 0.0028 0.5866 0.037 0.00628 

UD 0.045 0.0071 0.8461 0.045 0.0068 

LOL-EDM 0.025 0.003312 0.6394 0.035 0.006590 
PAT 0.021 0.002266 0.62 0.044 0.00561f-

SLIT TRIPLET 0.041 0.01241 0.4894 0.035 0.006164

CD 

0.737 

0.7603 

0.5535 

0.8104 

0.6491 

0.5494 

0.5967 
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V. Test Results (cont.) 

1.0 encouraged propellant "shoot-through" (i.e., 
penetration). Both propellant streams largely retained 
their rectangular shapes to the impingement point. The 
rectangular orifices avoid the poor mixing experienced 
with circular unlike doublets due to diameter mismatch. 

TLOL 

The TLOL was cold-flowed over a momentum ratio range of 
0.40 to 1.5. Figure 32 shows the TLOL at a momentum 
ratio of 0.87. The ILOL showed very little mixing at 
any momentum ratio because of its small included 
impingement angle (15°). 

UD 

The UD had equal orifice sizes and attained good spray 
uniformity around a momentum ratio of 1.0 (Figure 33). 
Penetration of both propellants occurred above and below 
a momentum ratio of 1.0. 

LOL-EDM 

This injector, although similar to the TLOL in many 
respects, displayed fairly good mixing characteristics 
at momentum ratios from 0.45 to 1.37. Figure 34 shows 
the LOL-EDM at a momentum ratio of 0.99. The reason it 
mixes better than the TLOL is due to the increased 
included impingement angle (32°). 

PAT 

The PAT, as its name implies, produced three finely 

atomized streams which seemed to mix uniformly at momen-
tum ratios from 0.45 to 1.35. There was a slight ten-

dency for the oxidizer to "blow away" the fuel at high 
momentum ratios, but overall it seemed to remain well 
mixed (see Figure 35). 

SLIT TRIPLET 

The Slit Triplet was a disappointment from an atomiza-
tion and mixing standpoint. Cold-flow tests with Freon 

and GN2 showed that reasonable atomization and mixing 

I
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V, C, Test Results (cont.) 

does not occur until the mometum ratio is less than 0.3. 
This inability to atomize and mix properly is believed 
to be related to the high aspect ratio of thL orifices 
(see Figure 36). 

Table V, a summary of impingement parameters, presents 
predicted optimum values for three cold-flow mixing criteria as well as the 
actual cold-flow and hotfire values over which the testing ranged. These 
criteria were used as a guide to determine the range of momentum ratio values 
that were evaluated during cold-flow. The cited OFO stream misimpingement 
obviously adds uncertainty to the results obtained with that injector. 
During this testing it was discovered that Rupe's mixing criteria for triplet 
injectors were more applicable to the OFO and PAT than Elverum and Morey's. 

Since both the Rupe and Elverum and Morey criteria apply 
to fully developed turbulent liquid streams, they were not applied to the 
gas/liquid Slit Triplet injector. Rather, a simple momentum ratio was used 
for this injector. The best cold-flow mixing conditions are summarized in 
Table VI.

2.	 Hotfire Test Results 

A total of 127 hotfire tests of seven injectors and four fuel 
combinations were conducted between 1 March 1979 and 29 November 1979 (see 
Table I). The test results are tabulated in Appendix II. The tabulation 
includes a description of the injector element, chamber pressure, mixture 
ratio, fuel velocity, fuel temperature, fuel Reynolds number, total weight 

flow, characteristic velocity, and the mode of operation. The operating mode 
describes the degree of carbon formation (see Section V.D.1 for definitions) 
and is identified from the high-speed movies taken during hotfire testing. 

Photographs taken from selected tests are shown in Figures 37-45. These 
photos, blowups of the high-speed 16 mm movie film, are included to assist in 
the description of the test results. 

a.	 OFO Triplet with RP-1 

Sixteen tests (Tests 101-116) were conducted with the 
OFO triplet, using RP-1 as fuel. The chamber pressure was varied from 450 
psia to 1505 psia, and the mixture ratio varied from 1.7 to 2.8. These tests 
were dedicated to checking out the facility and photographic equipment and 
firming up a successful photographic technique. Representative test photo-
graphs are shown in Figure 37. 

Early OFO test results showed a very overexposed, turbu-
lent combustion with an extremely bright central flame. Using the baseline 
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TABLE VI 

OBSERVED BEST COLD-FLOW MIXING CONDITIONS 

ELVERIJM MOMENTUM 
INJECTOR RUPE & MOREY RATIO 

OFO 0.96 1.007 1.94 

RUD 0.97 --- 1.43 

TLOL 0.87 --- 1.35 

UD 0.85 --- 0.85 

LOL-EDM 0.99 --- 1.38 

PAT 0.93 1.75 1.23 

SLIT TRIPLET 0.044 1.99 0.073
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V, C, Test Results (cont.) 

camera settings (ASA 125 film, shutter = 1/50, 800 pps, f-4), there was far 
too much combustion light (Tests 101-107) to see any droplet details. After 
some test stand and light setting changes, the movies showed grea.er detail 
but also indicated a need for increased external light. The bright central 
flame, white in earlier films, (Tests 101-107) now appeared as a yellow flame 
interspersed with brownish areas which likely represent decomposing RP-1 and 
carbon formation (see Tests 110, 114, 115, 116). 

The final OFO tests during early April indicated that 
the light settings in use represented the optimum to be obtained from 
conventional photoflood lighting. Test 114, at 1000 psia and MR = 2.35, 
appears as a bright central yellow flame interspersed with decomposing RP-1 
and carbon formation. The photo of Test 115 shows a LOX cold-flow due to an 
igniter malfunction. Test 116, at 1500 psia and MR = 2.6, differs from Test 
114 only in its greater flame brilliance. 

b.	 TLOL with RP-1 

Eleven tests were conducted with the TLOL injector 
element, using RP-1 (Tests 119-129). TLOL testing utilized the flashbulb. 
lighting technique described in Section IV-B, which greatly improved picture 
quality.

The TLOL combustion using RP-1 fuel (Figure 38) was 
similar to that of the OFO triplet in the following four ways: (1) carbon 
formation, (2) lack of freezing or popping, (3) increasing flame brilliance 
with increasing chamber pressure, and (4) recirculation gas flow patterns. 
Dissimilarities in the spray field uniformity were observed as the result of 
differences in mixing characteristics. The TLOL appears to exhibit RSS as 
evidenced by striations of unmixed fuel and oxidizer (Tests 123 and 124). 
The fuel fan exhibits a brownish-black color even before unlike-impingement, 
indicating thermal decomposition due to propellant stream heating (Tests 128 
and 129). The LOX fans exhibit a white-gray color and vaporized more rapidly 
with increasing chamber pressure. (Compare Tests 128 and 129.) 

C.	 RUD with RP-1 

The RUD injector was fired only once'(Test 117) with 
LOX/RP-1 because of test priorities. This test was conducted at a low 
pressure (130 psia) and encountered difficulty in flowing liquid oxygen. 
Since the movie from Test 117 was obscured with a great deal of carbon 
formation, it is not shown.

I
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V, C, Test Results (cont.) 

d. TLOL with Propane 

The TLOL tests with propane (Tests 130-133) re photo-
graphically summarized in Figure 39. The TLOL tested with propane shows much 
less brilliant combustion flame, producing much less carbon-particle emission 
than the L02/RP-1 combustion (Tests 130-133). The fuel fans exhibit a 
grayish-brown color before unlike impingement, indicating less thermal 
decomposition than the RP-1. Combustion light also increased with chamber 
pressure, but to a lesser degree than with LOX/RP-1. A brownish vapor is 
visible in the low pressure tests (Test 130), resulting from propane's high 
vapor pressure. In comparison with the RP-1 tests, posttest carbon 
decomposition or sooting in the chamber was negligible. 

e. RUD with Propane 

Seven LOX/C3H8 tests (Tests 134-141) were fired with 
the RUD operating as a main chamber element. These tests covered a chamber 
pressure range from 150 psia to 800 psia and were markedly different from the 
TLOL LOX/C3H8 tests. These movies (Test 136-141) shown, in Figure 40, 
were darker than the TLOL LOX/C3H8 movies even though the lens was opened 
two stops. The pictures shown in Figure 40 were taken during the test start 
transient, before complete clouding occurred. The pictures subsequently went 
black. The obscured pictures are the result of greater formation of unburned 
carbon. The increased carbon formation observed with the RUD is believed to 

be a result of its superior mixing characteristics which cause chilling of 
the fuel. The reduced fuel temperature delays vaporization and combustion 
and apparently leads to carbon formation. The external lighting did not 
yield the same quality of picture as with the TLOL and OFO triplet since the 
vapor and unburned combustion intermediates formed a sort of opaque mixture 
which would not allow the penetration of external light. As a result, 
details of the combustion could not be ascertained. 

f. RUD with Propane, Gas Generator Conditions 

The fuel and oxidizer circuits were switched on the RUD 
and tested at fuel-rich gas generator conditions (Tests 142-144). The first 
valid test (No. 143) fired for 2 seconds at Pc = 860psia and MR = 0.55. 
Excessive sooting was experienced, and the window inserts had to be replaced. 
Carbon deposits were cooked onto the glass and could not be removed. Since 
the windows were completely black, no photographic data could be obtained. 
Test 144 was a repeat of Test 143, using conventional lighting for a compar-

ison. After ignition, the chamber immediately filled with soot, thus nothing 
more could be seen.

[1
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V, C, Test Results (cont.) 

g. Unlike Doublet with Ammonia 

Twelve tests (Tests 145-156) were conducted .ith the 
Unlike Doublet injector element using LOX/NH3 propellants. Despite differ-
ences in Pc, MR, and stream velocities all tests appeared remarkably similar 
on film (Figure 41). Both propellant streams had a light gray color before 
impingement and formed an evenly dispersed, well-mixed fan at each test con-
dition. No changes in light intensity or tendencies toward separation were 
identified. Tests 149-156 examined extremes of . velocity, MR, and Pc with 
much the same results. In each instance, the LOX/NH 3 combination seemed to 
display a benign "well-behaved" type of combustion that was apparently insen-
sitive to operating conditions. While there was very little color differen-

tiation to help identify possible RSS, the existence of liquid droplets 

squirting from the impingement point towards the injector face would indicate 
that no combustion (and no RSS) was occurring at the impingement point. 
Ammonia is observed to be less reactive from an RSS standpoint than RP-1 or 
propane. The fact that the spontaneous ignition temperature of ammonia is 

greater than the respective values for RP-1, Propane, and Methane may explain 
its lower reactivity (see Section V.D.). 

h. LOL-EDM with Propane 

Twenty tests (Tests 157-176) were fired with the LOL-EDM 
and LOX/C3H8 at main engine conditions. These tests (Figure 42) showed 
well-mixed spray fans which resulted in great quantities of carbon formation, 
similar to those of the RUD injector. Tests were run with the propane heated 
to 130°F-150°F (Tests 165, 168, 169, 171, 172) to determine its effect on the 
carbon formation, since carbon formation seemed to center around the inabil-
ity to vaporize the propane rapidly. It was found that raising the fuel 

temperature to around 150°F eliminates most of the propane carbon formation 
which had obscured the picture in previous tests (Test 169). The pictures 
became clearer as the chamber pressure was reduced toward the vapor pressure 
of propane at 150°F (approx. 320 psia). These results tend to support the 
hypothesis that the carbon formation is caused by delayed vaporization. 

With this injector, mixture ratio effects were found to 
be a significant factor in carbon formation. Low mixture ratios produced 
more carbon, and high mixture ratios (Test 175) tended to burn more cleanly. 
The LOL-EDM tends to burn cleanly above 600 psia, regardless of fuel 
temperature or mixture ratio (Test 161). 

Test 176 is an interesting study of temperature and 

pressure effects on vaporization and black cloud formation. The test began 

I
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V. C, Test Results (cont.) 

above the propane vapor pressure at 75°F, with the combustion field obscured 
by dark clouds. During the test, the chamber pressure dropped below the 
vapor pressure at 75°F, at which point the dark clouds disappeare. , showing 
the impingement of two partially vaporized propellant fans. This test result 
reinforces the theory that the black cloud and carbon formation mechanism is 
directly related to fuel vaporization. Vaporization in turn is primarily 
effected by pressure, temperature, mixture ratio, and injector type. 

I.	 PAT with Propane 

Twenty-one tests were conducted with the PAT (Tests 
177-197). Figure 43 shows the movie results. The combustion field of the 
PAT, in contrast to the LOL-EDM, showed very little carbon formation until Pc 
dropped to around 150 psia. Posttest carbon deposits were almost nonexistent 
at any of the pressures. This apparent complete burning and lack of soot is 

believed to result from the long free-stream length and the pre-atomization 
of the propellants which enhances vaporization. Further testing of the PAT 
examined the effects of varying MR, Pc, fuel temperature, and fuel velocity. 
The test movies showed remarkable uniformity in view of the wide range of 
test conditions examined. The injector demonstrated no proclivity towards 
depositing carbon at any time and showed dark recirculation clouds only at 
low pressures and low velocities. Low mixture ratios did not seem to affect 
the carbon formation (down to MR = 2.2). Heating the propane to 120°F caused 
it to vaporize upon injection and, as evidenced by a slight decrease in C 
(RSS), may have affected the liquid phase mixing slightly. Another indica-
tion of RSS with this injector is the fact that the fuel impingement angle 
varied between 30 0 on Test 189 and almost 0 0 on Test 195 (parallel fuel 
streams) as pressure increased from 150 psia to 800 psia. This phenomenon is 
not observed during cold-flow while increasing AP. 

j. LOL-EDM with Propane, Gas Generator Conditions 

Gas generator tests with C3H8 (Tests 198 and 199) 
were fired at a mixture ratio of 0.72 and chamber pressures of 810 psia and 

510 psia, respectively. Both tests exhibited excessive sooting, completely 
coating the chamber with a fine black powder and precluding any photography 
immediately after ignition. Further testing in this configuration was deemed 
counterproductive.

k. Slit Triplet with Gaseous Methane 

The Slit Triplet was fired twenty-two times (Tests 200-
221), with chamber pressures ranging between 125-810 psia and mixture ratios 
varying from 2.75 to 4.7. The outstanding characteristic of this testing, 
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V, C, Test Results (cont.) 

shown in Figure 44, was the complete lack of dark recirculation gases or 
posttest carbon deposits in the chamber. The C* efficiency was greatly 
influenced by chamber pressure in all of the gaseous methane tests. This can 
probably be explained best in terms of the poor mixing qualities of this 
injector that had been observed in cold-flow testing (see Section V.C.1). 
RSS is evident at the higher pressures, with combustion occurring at the 
impingement interface between the gaseous methane and the liquid oxygen. 
Combustion is evidenced by the blue emission at the interface, as shown on 
Tests 216 and 217. 

1.	 LOL-EDM with Liquid Methane, Gas Generator Conditions 

Six gas generator tests (Tests 222-227) were fired with 
CH4. A chamber pressure range of 500 to 800 psia was tested, and mixture 

ratios were varied between 0.82 and 0.44. Surprisingly, no soot or carbon 

deposits of any sort were found in the chamber posttest, as can be seen in 
Figure 45. This is a significant finding when contrasted with the propane 
gas generator firings (LOL-EDM Tests 198 and 199; RUD Tests 142 to 144) which 
had generated such excessive quantities of soot that the chamber and injec-
tor face became coated with a fine black powder. 

D.	 DEVELOPMENT OF CORRELATIONS AND TREND CURVES 

Carbon formation and RSS were found to be the most prominent 
observable combustion phenomena with L02/11C propellants. The objective of 
the data analysis effort was to develop an understanding of these processes. 
The data analysis involved literature review, study of high-speed color 

movies of single element firings, and analytical modeling. The correlations 
and trends developed for carbon formation and RSS are discussed below. 

I.	 Carbon Formation 

A good deal of information about the carbon formation mech-
anism was gained during this study. All of the testing pointed toward the 
theory that carbon formation is directly related to fuel vaporization. 
Vaporization, in turn, is primarily affected by chamber pressure, fuel temp-
erature, mixture ratio, fuel type, and injector element. If the fuel vapori-
zation and combustion are slowed for whatever reason (intimate contact with 
LOX, short free stream length, low chamber pressure and heat flux, coherent 
jet versus spray fan with large surface area, low fuel temperature, etc.), 
carbon formation will result. The low temperature carbon formation may be 
related to the coking or gumming observed with hydrocarbon fuels in heated 
tube testing (see Figure 46) or to some flame-quenching reaction. Further 

study is required to define the physico-chemical mechanisms. Each test was 
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V, D, Development of Correlations and Trend Curves (cont.) 

rated according to the degree of carbon formation observed. Figure 47 
illustrates how ratings of "Clear," "Partially Obscured," and "ehscured" 
appear with a simple unlike doublet injector element. 

In an attempt to characterize the carbon formation mechanism, 
twelve combustion correlations were plotted from the data for each of the 
twelve injector/propellant combinations (see Table VII). Each of the data 
points was a symbol representing a certain degree of carbon formation, 
thereby making carbon formation trends easier to identify. A study of these 
correlations shows that a plot of "Pc -vs- T" gives the best correlation 
for the twelve injector/propellant combinations (Appendix III). Further 
study revealed that these twelve plots can be reduced to only three on the 
basis of carbon formation similarities between fuels and injector spray 
patterns.

Figure 48 correlates carbon formation for all of the injec-
tors fired with LOX/RP-1. Chamber pressure is seen to be the dominant force 
in the change from excessive carbon formation to fairly clean combustion. 
Jet surface area and free stream length were not found to be important fac-

tors in the carbon formation at the conditions tested. Most RP-1 tests were 
fired with fuel temperatures near ambient, so the effect of fuel heating 
could not be observed. 

Figure 49 correlates carbon formation for the short impinge-
ment height injectors (RUD and LOL-EDM) fired with LOX/C3F18. Both 
chamber pressure and temperature are seen to influence carbon formation, 
reinforcing the vaporization theory. The two tests fired at temperatures 
above the saturation temperature in Figure 45 were clear, even though they 
were at relatively low pressures. However, this occurred because the fuel 
was already in the vapor state and ready to burn. 

Figure 50 correlates carbon formation for the long impinge-
ment height injectors (TLOL and PAT) fired with LOX/C 3 H8 . Both chamber 
pressure and fuel temperature are seen to influence carbon formation. These 
injectors, however, show a definite tendency to remain more clear at low 
pressures than did the short impinging injectors. This is believed to be due 

to the increased vaporization of the pre-atomized long fuel free stream 
before impingement. 

There were no carbon formation correlations for the UD injec-
tor since it was fired only with NH3. 

Carbon formation in the LOX/C3H8 fuel-rich gas generators 
was excessive, mainly because of the low mixture ratio (0.4 to 0.7) in addi-
tion to the above-mentioned reasons.
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TABLE VII 

COMBUSTION CORRELATIONS FROM LOX/HC PHOTOGRAPHIC 

CHARACTERIZATION PROGRAM 

1. C-vs-Pc 

2. C*_vs_Vf 

3. C*_vs_WT 

4. C-vs--T 

5. C*_vs_MR 

6. C*_vs_Fuel	 Rey. No. 

7. Pc-vs-Fuel	 Rey.	 No. 

8. PC_VS_If 

9. PC-VS-Vf 

10. PC-VS-W f 

11. PC-VS-MR 

12. Fuel	 Rey. No.-vs-MR
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V, D, Development of Correlations and Trend Curves (cont.) 

No carbon formation was experienced with the use of either 
gaseous or liquid methane. Propane decomposition and reaction result in a 
higher C2 species concentration than methane. The C2 species are very 
active and, through a process of polymerization, build up into particulate 
matter. Full-scale multi-element methane gas generators may produce small 
amounts of carbon, but the quantity would be minuscule in comparison to the 
carbon production of a propane gas generator. 

2.	 Reactive Stream Separation (RSS) 

Previous analysis and testing with storable propellants have 
shown RSS to be controlled by a vaporization-controlled combustion mechanism 
(Ref. 1). Data correlations for the storable propellants showed that regimes 
of RSS could be correlated with chamber pressure and fuel Reynolds number, 
with chamber pressure exhibiting the strongest influence on RSS. Since 
vaporization is the controlling mechanism for the storable propellants, it is 
reasonable to assume that non-hypergolic impingement may also experience RSS. 
With these facts in mind, two hypotheses were postulated to explain RSS 
observed with LOX/HC propellants. 

a.	 The first hypothesis is that LOX/HC RSS is also caused 
by vaporization-controlled combustion at the impingement interface. An 
attempt at correlating the hydrocarbon data with the storable fuel parameters 

(Pc -vs- Fuel Reynolds number) was unsuccessful. There was a definite Pc 
dependence, but the Reynolds number influence is less for the following 
reasons:

(1) Storable propellants are hypergolic and are not 
dependent on reaching an ignition temperature for 
combustion to occur. 

(2) Hypergolic propellants are forced toward RSS by 

increasing velocity. Increased velocity causes 
increased interfacial surface area, which leads to 
a greater evaporation rate and more combustion. 
This is only a second-order effect with LOX/HC 
propellants, however, since the increased 
interfacial surface area means greater contact 
between the ambient temperature fuel and the 
cryogenic oxidizer. Cooling of the fuel slows 
vaporization and combustion, thus RSS is likely to 
occur.
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V, D, Development of Correlations and Trend Curves (cont.) 

(3) Evaporation of the surface of the fuel stream by 

hot gas recirculation heating plays a major role in 
causing RSS with hydrocarbon propellant;. Not only 
is it necessary that some minimum amount of fuel be 
vaporized before impingement, but also that it be 
heated to its auto-ignition temperature for RSS to 
occur. The amount vaporized is a function of fuel 
free stream length, chamber pressure, fuel velo-
city, fuel temperature, and type of fuel (see 
Figure 51). In this respect, one can see the simi-
larity between the influence of chamber pressure on 
RSS in storable and hydrocarbon propellants alike. 
Mathematically, this concept can be described as 
shown below: 

WV	 f (Pc, t r ' T ign, If, Fuel Type) 

where

W	 = evaporation rate 

Pc = chamber pressure 

T r = Time between injection and impingement (residence time) 

Tf = Fuel temperature 


9gn	 = Ignition delay time. 

High chamber pressure and long residence time obviously 
increase heat input to the fuel stream and promote evaporation and RSS. If 

the fuel is pre-heated, it serves to lessen the amount of time and pressure 
necessary to cause RSS. The type of fuel is an important factor because of 
heat of vaporization and auto-ignition temperatures (see below): 

Heat of Vaporization	 Auto-Ignition 
Fuel	 (cal/gr)	 Temperature (°C) 

Niirnonia	 328.3	 651.1 

RP-1	 69.5	 250 

Propane	 101.7	 504.4 

Methane	 121.7	 632.2 

Both the heat of vaporization and the spontaneous 
ignition temperature of ammonia are greater than the respective values for 
RP-1, Propane, and Methane. RSS was seen to occur with all of the hydro-
carbon fuels but not with ammonia. The fact that ammonia seems far less 
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V, 0, Development of Correlations and Trend Curves (cont.) 

reactive from an RSS standpoint than the hydrocarbons fits in well with the 
theory of vaporization-controlled combustion causing separation. 

There is also evidence that when fuel residence times 

(t) are short (as in the case of the two Like-on-Like injectors), the 
impingement angle has an influence on whether or not the streams will 
separate. The LOL-EDM (32° included) always seemed mixed, while the TLOL 
(15° included) always fired in the separated mode at the same test conditions 
and with the same fuel. The hydrocarbon RSS combustion is apparently weak in 
comparison to its more reactive hypergolic counterpart, and it can be negated 
or overcome by propellant flow components which forcefully counteract the RSS 
vector (see Figure 47). This line of reasoning indicates that the PAT injec-
tor, which operated in the separated regime at high pressures, could take On 
better hotfire mixing characteristics if the included angle of impingement 
were increased and its free length were reduced. 

b.	 The second RSS mechanism theory postulated states that 
the change in mixing characteristics with chamber pressure and fuel tempera-
ture is dependent on gas dynamic effects related to the Weber No. The Weber 
No. effect at higher chamber pressures may cause faster spray breakup and 

atomization, which changes the mixing patterns. 

Most of the test movies show a trend away from RSS into 
a well-mixed regime occurring at chamber pressures between 100-300 psia for 
the fuels exhibiting RSS. The major exception to this rule was the L0L-EDM, 
which had a free-stream of only 0.1" before fan impingement and an included 
angle of 32° (cooling the propellant and retarding RSS). Very limited 
testing was performed between 100-300 psia because the heavy carbon formation 
precluded photography. At the lower pressures, the better mixing and lower 
heat flux maintained a cooler fuel temperature and encouraged carbon forma-
tion. Although RSS trends are observable, and although possible mechanisms 
for its occurrence may be postulated, more testing at lower pressure, differ-
ent impingement angles, and varied fuel temperatures is necessary to formu-
late correlations and design curves. 

3.	 Summary of Data Trends 

The preceding discussions centered around characterizing and 

correlating carbon formation and RSS mechanisms. Data trends evident during 
testing are summarized in Figure 52. 

a.	 Carbon Formation Trends 

The hydrocarbon fuels tested showed increasing carbon 
formation in the following order: C}-14 , C 3H8 , RP-1. As the C 
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V, D, Development of Correlations and Trend Curves (cont.) 

concentration of the HC molecule increases, decomposition results in 
increased C2 species that initiate the polymerization process.	 n an 

associated manner, it follows that as the mixture ratio is decreased 
(increased carbon species concentration), the carbon formation rate 

increases.

The coherent jet impingement injector elements (RUD, 
LOL-EDM, OFO), showed increased carbon formation. It can be assumed that 
fuel droplet heating is delayed because of increased atomization time lag and 
increased mixing with the cryogenic oxidizer that results in fuel chilling. 
The delay in fuel droplet heating results in delayed fuel vaporization. The 
pre-atomized triplet element (PAT) caused the least amount of carbon forma-

tion. It is noteworthy that the PAT was the least mixed of all the injec-
tors. This finding agrees with the theory that more rapid fuel atomization 
and vaporization minimizes carbon formation. The carbon formation trend 
curves for fuel temperature and chamber pressure (shown in Figure 48) also 
agree with this theory. As fuel temperature is decreased, the vaporization 
rate decreases and carbon formation increases. The vaporization rate also 
decreases with decreasing chamber pressure. 

b.	 RSS Trends 

Increasing incidence of RSS (i.e., decreased mixing) 
occurs as the fuel vaporization rate increases. This can be seen from the 
chamber pressure and fuel temperature trend curves in Figure 48. Fuel vapor-
ization increases with increasing pressure and fuel temperature, resulting in 
more severe RSS. RSS increases as the unlike impingement angle decreases 

because of a decreased tangential momentum ratio (i.e., the fuel and oxidizer 
fans become more parallel). 

E.	 COMBUSTION EVALUATION CRITERIA DEVELOPMENT AND RESULTS 

A major objective of Task II was to develop combustion evaluation 
criteria based on analysis and testing, and to use it to evaluate, select and 
characterize test results with several combinations of LOX/HC propellants, 
injector elements, and operating conditions. Complete criteria development 
and Phase II selection results are given in Ref. 4. The results are summar-
ized below in three subsections: 

(1) Combustion Evaluation Criteria Development 

(2) Phase II Fuels, Injector Elements, and Operating Conditions 
Selection 

(3) Phase II Test Results Evaluation 
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V, E, Combustion Evaluation Criteria Development and Results (cont.) 

This evaluation, together with the correlations shown previously 

in this report, provide data to aid in the rational selection of the most 
promising propellant/injector combinations for future technology and develop-
ment efforts. 

1.	 Combustion Evaluation Criteria Development 

The basic sources of data for development of the criteria are 

recently conducted LOX/HC technology programs, the N204/ Arnine fuels 
"Blowapart" program (Ref. 1), and the results from the program Phase I 

testing. The criteria were separately developed for fuel and injector ele-
ment selection and evaluation. 

a.	 Fuel Evaluation 

The primary factors considered for selection of propel-
lants for long-life reusable engine application were subdivided into two 
major categories: (1) System and (2) Test. System considerations are those 
which describe the performance and operational characteristics of a fuel in a 
given system. Test considerations describe the effect of numerous combustion 
related phenomena which may affect engine operation. 

Six criteria were selected for system evaluation. These 
criteria, along with the characteristics which would be considered desirable 
for each criterion, are as follows: 

(1) Isp - High specific impulse is desired. 

(2) Regenerative Chamber Cooling Capability - High 

thermal conductivity and high heat capacity are 

desired. Capability of withstanding high temper-
atures without thermal decomposition. 

(3) Bulk Density - High bulk density is desired to 

maximize vehicle payload and minimize vehicle gross 
lift-off weight. 

(4) Cost - Low cost propellants are required for 
economical, long life, reusable engine systems. 

(5) Toxicity - Toxicity is an important operations and 
maintenance issue for reusable engine systems. 

(6) Corrosiveness - Corrosiveness affects propellant 
storability.
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V, E, Combustion Evaluation Criteria Development and Results (cont.) 

Five criteria were selected for test evaluation. These 
criteria, along with the characteristics which would be considered desirable 
for each criterion, are as follows: 

(1) Fuel Freezing - Fuel freezing should be avoided to 
preclude spray explosions and unsteady combustion 
similar to pops. 

(2) Pops - It is desirable to operate with steady 
combustion and no pops. 

(3) Carbon Formation - Control of gas-side carbon 

formation is desirable. It is undesirable at gas-
generator conditions. It may be advantageous as a 
chamber wall insulator at main chamber conditions. 

Also, its impact on main chamber performance is not 
well understood. 

(4) Reactive Stream Separation - It is desirable to 
predict the range of operating conditions and 
injector types which result in RSS so that injec-

tors can be designed to operate entirely in either 
a separated mode or a mixing mode. Shifting 
between these two modes is undesirable. 

(5) Supercritical Pressure Operation - It is desirable 
to be able to operate at supercritical pressures 
and subcritical injection temperatures without 
flash vaporization causing resurge instabilities. 

b.	 Injector Element Evaluation 

Nine criteria were selected for injector element evalua-
tion. These criteria, along with the characteristics which would be con-
sidered desirable for each criterion, are as follows: 

(1) Atomization - Small drop size is desired. 

(2) Mixing - Uniform mixing is desired for high effi-
ciency and complete combustion. 

(3) Injector Face Compatibility - A low heat flux is 

necessary to preclude damage to the injector face. 
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V, E, Combustion Evaluation Criteria Development and Results (cont.) 

(4) Chamber Wall Compatibility - The element must pro-
duce a uniform, well-mixed combustion zone to pre-
clude local hot spots or chamber streak. 

(5) Chug Stability - Short combustion time lags are 
desirable to preclude chugging. 

(6) Hi-Frequency Combustion Stability - Uniform atomi-
zation distribution is desired to facilitate 
damping device design. 

(7) Injector Momentum Balance - A resultant axial 

momentum is desirable at all operating conditions. 
Elements insensitive to MR changes are desired. 

(8) Fuel Freezing - Fuel freezing should be avoided to 
preclude spray explosions and popping. 

(9) Meaningful Photographic Results - The injector must 
be capable of demonstrating combustion phenomena in 

a manner that can be photographed and analyzed. 

2.	 Phase II Fuels, Injector Elements, and Operating Conditions 
Selection 

a.	 Fuel Selection 

Seven fuels were selected for the Phase II evaluation 
and recommendation: 1) Methane (CH4); 2) Ethane (C2H6); 3) Propane 
(C3H8); 4) Butane (C4H10); 5) Heptane (C7H16); 6) RP-1; 7) Ammo- 
nia (NH3). Numerical values were assigned to the various evaluation 
criteria for each fuel. These numerical values reflect the rating of a 
specific fuel with respect to those criteria. In this report, all criteria 
were given equal weight to make the valuation as general as possible. 
Weighting factors could be used when detailed system requirements are 
defined.

Results of the fuel evaluation are presented in Table 
VIII. The rankings are based on a scale of 1 to 10. A fuel ranked as a 10 
with respect to a certain criterion would be the best fuel in that category, 
whereas a ranking of 1 would indicate total unsuitability. The data that 
form the basis for each ranking are shown below. 
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V, E, Combustion Evaluation Criteria Development and Results (cont.) 

(1) System Parameters 

Specific Impulse - The theoretical ODE Tspls of the 
seven fuels considered were determined at the maximum Isp mixture ratios and 
are shown in Figure 53. CH4 (the highest) has a 5.5 percent higher ODE Isp 

than NH3 (tile lowest).

Regenerative Cooling - The regenerative cooling of 
high pressure'LOX/HC engines is characterized by the great disparity between 
coolant heat flux capabilities and the cold wall gas-side heat fluxes. 
Coolant heat flux limits arise from the coolant-side wall temperature limits 
proposed by fuel decomposition (coking) and poor coolant physical properties. 
Ammonia, of course, would experience no problem with coking since past 
experience has shown that hydrocarbon coking or ammonia decomposition takes 
place at the following approximate temperatures: 

RP-1 1060°R 

Refined RP-1 1260°R 

Propane 1320°R 

Methane 1760°R 

Ammonia 1510°R

The properties of the seven hydrocarbon fuels are 
summarized in Table IX. Consideration of each in terms of weight flow and 
specific heat indicates the LOX to be the poorest coolant and the ammonia to 
be the best. It is appropriate to note that this cooling study pertains only 
to nickel chambers, as copper chambers and ammonia are not compatible. 

Bulk Density - Using the optimum mixture ratio and 
referenced Isp values the relative tankage volumes were calculated (see 
Figure 53). It can be seen that although CH 4 has a 2.7 percent higher Isp 
than RP-1, it requires 21% greater tank volume. It is noteworthy that pro-
pane only requires 3% greater tank volume than RP-1. Ammonia requires 17% 
greater tank volume than RP-1. 

Cost - The cost of hydrocarbon is another important 
aspect in the selection criteria for propellants. The price listings shown 
in Table X are the lowest which could be obtained after contacting many large 
petroleum corporations and refineries. Recent changes in the situation of 

many oil exporting countries make it difficult to extrapolate 1980 prices to 
1990 prices; however, a rate of 9% a year is currently being used by ALRC 
Procurement. The costs shown are for commercially available " natural" grades 
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V. E, Combustion Evaluation Criteria Development and Results (cont.) 

that may have unacceptable levels of impurities (e.g., oxygen, sulphur and 
other hydrocarbon compounds). The level of purity significantly influences 
cost. As an example, an instrument grade propane that is 99 perc:nt pure 
costs about 10 times as much as commercial propane that may be as low as 86 
percent pure.

Toxicity - According to a Union Carbide reference 
manual (Ref. 7), methane is non-toxic and propane and RP-1 have very low 
toxicity, but ammonia is highly toxic at levels of 25 ppm. Ammonia also 
causes burns on contact with eyes, skin, and mucous membranes. 

Corrosiveness - The hydrocarbon fuels are easily 
contained in metal containers for long periods of time without any corrosion. 
Ammonia, on the other hand, will corrode a very important metal such as 
copper.

(2) Test Parameters 

Fuel Freezing - It was anticipated that fuel 
freezing could be a problem with RP-1 and ammonia, particularly while using 
coherent jet impingement type injectors. No occurrence of freezing was noted 
during any of the testing. It is still possible, however, that the use of 
larger orifices could promote fuel freezing. Larger streams would receive 
proportionately less heat from recirculation gases of their reduced surface 
area to volume ratio.

Pops - Pops and unsteady combustion with the use of 
LOX/HC propellants is usually related to fuel freezing and subsequent deton-
ation. This phenomenon may be encouraged by a number of factors, such as 
high MR's, low Pc mixing, low injector AP, low fuel temperature, and large 

orifice diameters. As was the case with fuel freezing, no occurrences of, 
popping was noted during any of the testing. 

Carbon Formation - Carbon formation was influenced 
by type of fuel, injector element, mixture ratio, and fuel temperature. (See 
Section V.0.1.) RP-1 and propane, being the heavier hydrocarbons, produced 
the most carbon in a given situation. From a chemical standpoint, this is to 
be expected since RP-1 and propane tend to form unsaturated C2 species, 

while methane tends to break into carbon (C) and hydrogen (H2). The C2 
species are very active and, through a process of polymerization, build up 
into particulate matter. The methane produced no visible carbon during 
testing, and ammonia, of course, contains no carbon. 

The type of carbon produced in this testing seemed 
to be related to a low-temperature partial reaction which occurs when the 
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V, E, Combustion Evaluation Criteria Development and Results (cont.) 

fuel vaporization is slowed. Coking or gumming could become a serious prob-
lem in a high temperature, fuel-rich gas generator or in a high-bulk, 
temperature-rise regen passage. 

Reactive Stream Separation - RSS may be signifi-
cantly affected by the type of fuel selected. Testing with storable propel-
lants in the past (Ref. 1) as well as current testing with hydrocarbon pro-
pellants have shown that chamber pressure and fuel Reynolds number are major 
factors influencing RSS. There appears to be an RSS type of phenomenon, as 
evidenced by striations in the spray pattern and by separate areas of fuel-

and oxidizer-rich propellants. There does seem to be a Pc dependence with 
better mixing and less combustion light emission at the lower pressures. 

Higher pressure seems to promote the apparent separation and greatly enhance 
the light emission.

Evidence of RSS was seen with each fuel except 
ammonia. While there was very little color differentiation to help identify 
possible RSS,. the existence of liquid droplets squirting from the impingement 
point towards the injector face would indicate that no vaporization (and no 
RSS) was occurring at the impngement point. The fact that ammonia seems far 
less reactive from an RSS standpoint than RP-1 or propane fits in well with 
the theory of vaporization-controlled combustion causing separation. Both 

the heat of vaporization and the auto-ignition temperature of ammonia are 
greater than the respective values for RP-1, Propane, and Methane. 

The hydrocarbons are rated only slightly less 
desirable than ammonia from an RSS standpoint because an injector can be 
designed to operate efficiently either with or without RSS. 

Supercritical Pressure Operation - No occurrence of 
flash vaporization leading to resurge phenomena has been experienced at sub-
critical or supercritical pressure operation. As mentioned previously, there 
is an increase of light emission and apparent separation with an increase in 
Pc. This increase, however, is gradual and continuous and seems to bear no 
relationship to the critical pressure. 

(3) Fuel Selection 

Table VIII shows that although methane and propane 
scored differently in the various categories, they were tied for the lead in 
the overall numerical average. This would indicate that both are highly 
suited for use in future LOX/HC engines and that the superiority of one over 
the other could be more clearly determined when detailed system requirements 
are defined. (In other words, the need for a clean burning fuel with highest 
possible Isp would indicate a need for methane, whereas the need for greater 
bulk density - where coking and Isp are not so critical - would indicate pro-
pane to be more suitable.) Propane and methane were the two hydrocarbons 
selected for Phase II testing. Ammonia was selected as the third test fuel 
for primarily two reasons. First, it contains no carbon and thus would 
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V. E, Combustion Evaluation Criteria Development and Results (cont.) 

provide an excellent base for photographic comparison. Secondly, in addition 

to being extremely low cost, it is a good coolant, indicating two significant 
advantages for a long-life, reusable engine design. 

b.	 Injector Element Selection 

Thirteen injector elements were considered for the 
Phase II evaluation and selection. These injectors were divided into two 
categories: main chamber and fuel-rich gas generator. Numerical values were 
assigned to the various evaluation criteria for each element (Table XI). 
These numerical values reflect the rating of a specific injector with respect 
to those criteria. The rankings are based on a scale of 1 to 10. An injec-
tor ranked as a 10 with respect to a certain criterion would be the best 
injector in that category, whereas a ranking of 1 would signify total unsuit-
ability.

Table XI indicates that many of the candidate elements 
could be successfully used for Phase II testing. Schedule and budgetary 
restraints, however, required that certain hardware items (already fabri-
cated) and certain injectors be used for both main chamber and gas generator 
applications. The injectors which best meet the above mentioned criteria and 
are recommended for Phase II testing are shown in Table XII. The specific 
reasons for each of the selections are given below. 

LOL-EDM - This element provides spray-on-spray unlike 
impingement for good mixing and has historically been used successfully with 
LOX/HC propellants. Data from the LOL-EDM testing would also be very comple-
mentary to data gained from the Transverse Like-on-Like (TLOL) injector in 
Phase I testing.

Pre-Atomized Triplet (PAT) - The PAT consists of two 
fuel splash plate elements which impinge on one centrally located oxidizer 

x-doublet (XDT) element. Both of these platelet element concepts are ana-
lytically well characterized at ALRC for performance efficiency, combustion 
stability, and thermal compatiblity with storable propellants. The intent of 
pre-atomization of the propellants prior to impingement is to promote propel-
lant heating and mixing. This should prevent possible fuel freezing asso-
ciated with coherent stream impingement. PAT Phase II testing would also 
provide a basis for comparison with the Phase I OFO Triplet combustion data. 

Unlike Doublet (Using NH3) - The main reason for the 
selection of this element is the fact that it was residual hardware from 
Contract NAS 9-14186 and was readily adaptable to firing with LOX/NH3. 
While the unlike doublet may not be the optimum selection from a 

performance-, heat transfer-, or compatibility standpoint, it certainly does 
provide the opportunity for economically exploring LOX/NH3 combustion 
phenomena. The unlike doublet also provides the best view of the impingement 
interaction. External lighting problems encountered with LOX/HC propellants 
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6. LOL-EDM 

(See #1 above)
LOX/LCH4 and 
C3H8

Fuel-Rich Gas Generator 

TABLE XII


PHASE II INJECTOR RECOMMENDATIONS 

INJECTOR
	

APPLiCATION 

1. LOL-EDM 

2. Pre-Atomized Triplet 

3. Unlike Doublet (Existing 
Hardware) 

4. Slit Triplet

LOX! C3H8 

LOX! C 3 H8 

LOX/NH3 

LOX/gCH4

Main Chamber 

Main Chamber 

Main Chamber 

Main Chamber 

Fuel-Rich Gas Generator 5. Rectangular Unlike 	 LOX/C3H8 
Doublet (Existing Hardware) 
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V, E, Combustion Evaluation Criteria Development and Results (cont.) 

(Phase I testing) were not anticipated to occur during these tests due to the 

lack of carbon particle emission. 

Slit Triplet - The slit triplet was recommended as a 

main engine injector to be used with LOX and gaseous methane. This design 
features a centrally located rectangular LOX orifice (high aspect ratio) 
which would be impinged upon by gaseous methane exiting from two outside 
rectangular orifices.- The interaction between the methane and the sheet of 
LOX should produce good atomization, mixing, compatibility, and stability. 

The Slit Triplet is similar in function to a coaxial swirler element, but is 

expected to yield better photographic results due to the impingement away 
from the injector face. Since this element is easily photographed, it should 
yield new insights into the mixing and combustion of impinging gas and liquid 

streams.

Rectangular Unlike Doublet (Gas Generator) - The Rec-
tangular Unlike Doublet (RUD) injector from Phase I testing could be utilized 
as a fuel-rich (C3H8) gas generator by switching the oxidizer and fuel 
circuits. The fact that both of the inlet lines are LN2 jacketed makes 
this "switching" possible. Utilization of the existing RUD as a gas genera-
tor affords an economical, quick look at the advantages and limitations of 
high-speed photography at low mixture ratio. 

LOL-EDM (Gas Generator) - The switching option mentioned 

above could also be employed with the LOL-EDM element. Of the five injectors 
previously described, the LOL-EDM should have the least problems converting 
to a fuel-rich gas generator. The LOL-EDM could be tested with both Propane 
and Methane to provide a basis for comparing fuel-related sooting character-

istics.

3.	 Phase II Test Results Evaluation 

The following comments regarding application of the combus-
tion evaluation criteria are made on the basis of the Phase II test results 
and correlations previously described in Sections V.0 and V.D. 

a.	 Fuel Evaluation 

The criteria selected for test evaluation are commented 

on below.

(1) Fuel Freezing 

No fuel freezing was encountered during Phase I or 
Phase II testing. This was true even for the highest freezing point fuels 

am
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V, E, Combustion Evaluation Criteria Development and Results (cont.) 

(RP-1 and NH3) with the use of direct impingement, coherent jet injectors. 
It is possible, however, that the use of large orifices (e.g., booster engine 
aplications) could promote fuel freezing because of their reduce surface 
area to volume ratio (i.e., combustion gases would heat larger orifice jets 
more slowly).

(2) Pops 

No unsteady combustion was experienced during any 
of the program testing. The testing provided no conclusive information 

regarding any aspect of combustion stability. 

(3) Carbon Formation 

The gas-side carbon formation criteria for fuel 
evaluation proved to be accurate. As the fuel Hydrogen/Carbon ratio 
decreases (CH4 = 4.0, C3H8 = 2.67, RP-1 = 2.0), carbon formation 
increases for any given injector element and operating point. The injector 
type and operating point also significantly influenced carbon formation. As 

a result of these findings, carbon formation was added to the injector ele-
ment selection criteria.

(4) Reactive Stream Separation 

Propellant mixing limited combustion (i.e., RSS) is 

sensitive to all parameters that influence fuel vaporization rate. For any 
operating point, the fuel yielding more rapid fuel vaporization will, in gen-
eral, increase the degree of RSS. Existing drop size and vaporization models 
must be utilized to determine the actual vaporization rate for candidate 
fuels for any application.

(5) Supercritical Pressure Operation 

Exceeding the critical pressure did not in itself 
significantly change the atomization, vaporization, or combustion process for 
any of the fuels tested. When the fuel injection temperature exceeded the 
saturation temperature at any pressure, carbon formation was essentially 
eliminated. This indicates that fuel vaporization rate is the key to carbon 
formation, and that reaching the critical pressure does not create a discon-
tinuity in the fuel vaporization process. 

b.	 Injection Element Evaluation 

The Phase II testing resulted in definitive data on four 

of the previously described injection element selection criteria. Addi-
tionally, as a result of the testing and a subsequent analysis of the 
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V, E, Combustion Evaluation Criteria Development and Results (cont.) 

important considerations guiding injector selection, two additional criteria 
were added.

(1) Mixing. 

Bipropellant mixing limited combustion (synonymous 
with RSS in this report) was displayed quite vividly during the Phase II 
testing. The visual data and subsequent correlations indicate that two fac-
tors control mixing: 1) the fuel vaporization rate and 2) the degree of 
injection orifice or spray fan cant towards the unlike propellant. The most 
important conclusion was that unlike spray fan impingement elements (i.e., 
TLOL, PAT and EDM-LQL) promote RSS. With unlike spray fan impingement ele-
ments significant vaporization occurs before unlike propellant contact. This 
gas generation prohibits mixing. When coherent unlike jet impingement 
occurs, mixing improves. It should be noted that of the unlike spray fan 
impingement elements tested, only the EDM-LOL had near optimum spray fan cant 
angles. The TLOL and PAT elements had too shallow an unlike impingement 
angle, which undoubtedly promoted RSS. The results agree with this conclu-
sion. The EDM-LOL showed a higher degree of mixing than the PAT and TLOL. As 
a result it was concluded that PAT and TLOL mixing could have been improved 
with increased unlike impingement angles. 

(2) Injector Momentum Balance 

The photographic results confirmed the pretest con-
clusions regarding momentum balance. Symmetric unlike jet elements (e.g., 
FOF triplets, OFO triplets, slit triplets, pentads, etc.) are totally insen-
sitive to mixture ratio. Asymmetrical unlike jet elements (e.g., unlike 
doublets) exhibit the most unfavorable characteristics with respect to axial 

momentum balance. Unlike spray fan impingement elements (e.g., EDM-LOL, 
ILOL, PAT) fall in between the above extremes. 

(3) Fuel Freezing 

It seems reasonable to assume that unlike coherent 
jet impingement would promote fuel freezing because of intimate contact. 
However, no incidences of fuel freezing occurred during the testing. As a 
result of this testing, it was concluded that fuel freezing is not an impor-
tant design consideration for injectors in the low-thrust per element design 
range (approximately 1-50 1 bF/el ernent). 

(4) Meaningful Photographic Results 

The testing confirmed that excellent photographic 
results could be achieved for those elements where unlike jet or spray fan 
impingement occurred in a plane normal to the plane of view. 
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V, E, Combustion Evaluation Criteria Development and Results (cont.) 

(5) Carbon Formation 

The photographic test results indicate conclu-

sively that the injector element type directly influences carbon formation. 
Unlike spray fan impingement elements reduce carbon formation because they 
induce a relatively rapid fuel vaporization rate. Coherent jet impingement 

elements, in contrast, exhibit increased carbon formation. 

(6) Fabrication Complexity 

Pre-atomized (i.e., platelet or swirler) elements 
are inherently more insensitive than coherent jet orifices to orifice size 
and alignment tolerances. This factor should be considered during injector 

element selection.
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APPENDIX I 

EQUATIONS FOR SPECIFIC GRAVITY, VISCOSITY,

AND SURFACE TENSION 
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T',L,T,C 
SUARIIUI INE PRUPT (F.P, TF,SC,ST.VS) 

THIS SUHWOIJ1INF COMPUTES SPECIFIC GRAVITY, VISCOSITY, AND 
SURF ACF TI USIIJN FUN SOME- SI ANOAHI) ROCKI I PHONE LL AN) S 
THE lFMPF VATIIRC MOST HE PIi(IVjUt) IN DECREES FAHkEUHlJ I 
OIIT-OF-NANCF SPECIFIC GRAVITY OR VISCOSITY 15 WF1tJk;EO 
AS A VALUE OF 9ft A 88. (lIST-OF-RANGE SURFACE TENSION IS 
REIURNFO AS A NE(;ATIvF HEAL NU'4S4ER OR ZERO. 

SG:8$$S. 
vS=R8t48. 
tR:TFs459 • 7 
TlzIP/j .0 
(;O TI) '10,20,40,40.0) E 

COMPUTF SG,ST.vS UH 'SO-I 

10 SG-.0003M8*tF+.0292$ 
STi.-I/679.2 
IF(ST.GT.o.) STSTa*I.267Ia53.5055*h.85i95t_ 
l=(TF-6$.)/q7. 
IF(ANS(7).GT.i.) r,O TO 1)0 

GO 10 100 

C0MPU1 I 5G. ST ,vS F (IN F I HA'. 

?0 ST:i.-TR/iqo.', 
IF(ST.GT.O.) STST**1 .?3t25*40.32?*b.85lq5E.6 
Z:(TP22.632)/09.8s 
IF ( AB S(Z). r.E.I.)Co TO 100 

*Z_$.52OSIE 2)* Z+ 3.5 u 7 O I2)*Z.3,2E_2)*1.7 oRP3qg-' 
VSVS/I.4F8 1639 
S((((((_b.9QE_2aZ..S.?s27j7E_2)*z.7.?0007_?)*zf3$?IBIE_?) 

GO II) 100 

CUMPUft SG,ST,VS FISH NPUPAH 

50 STi.-T'(/3o9R 
IF(SI.GT.O,) SIST.*j .?i.'.,1.U9,'*b.MS(QSF_S 
Z (TP-42l. 1(4) /,'i? • 02 
IF(AVS(fl.GF.1.)CQ 103u 
VS(U(((3.SI6b2aZ+3.I72(2)aZ+3.?isj2)*z_2.32r,,R) 

V5 S VS. • 00 I/I. 11 8018 39 
34 Z(TR-(105.(1430),2l577 

IF(ABS(Z),GE.t.) r,ntniso 

GO TO 100 

CUMPUIE ST,VS FOR OXYGEN 

40 CALL DAY (P IF,5G) 
STI.-TX/1',4.57h 
IF(SI.GT.0. ) ST:SI**I.222?2a38.461*p.8S1QE_5 

Z(SG-.97Q099)/3775971 
IF(ASS(Z).G.l.) G° To 100 

1	 Z+0.4b777ES)*1+M. IS3lS8c)*l.1(.2u3Qb5).l$6.6ê52S2F_5 
GO TO 100 

COMPUIF ST,RS,SG FOR AMMONIA 

50
VS1.E-,/(0.07247I,O.00O4(1197.TF) 
TSAT(((_7.3026E_S0aP*I.53233_R).p..I.?q(1qoE_3),pfo.6ls).p,lqflhb(1 
IFC(TSA7-IF).LT.l.5 5,0 TO 100 

SGsO.6621Is5_(1.I3283(1E_6*TF,6.937453E_(1_S.33b63IE_Rap)*TF 
I	 •2.4731)52E-,.p 

ion RETURN 
END	 - 
1.90$
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TEST RESULTS 
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APPENDIX III 

CARBON FORMATION CORRELATIONS USING 


"Pc versus Tf" 
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